Timing walk error in pulsed time-of-flight based laser range finding was studied using two different types of laser diode drivers. The study compares avalanche bipolar junction transistor (BJT) and metaloxide-semiconductor field-effect transistor switch based laser pulse drivers, both producing 1.35 ns current pulse length (full width at half maximum), and investigates how the slowly rising part of the current pulse of the avalanche BJT based driver affects the leading edge timing walk. The walk error was measured to be very similar with both drivers within an input signal dynamic range of 1:10 000 (receiver bandwidth of 700 MHz) but increased rapidly with the avalanche BJT based driver at higher values of dynamic range. The slowly rising part does not exist in the current pulse produced by the metal-oxide-semiconductor (MOS) based laser driver, and thus the MOS based driver can be utilized in a wider dynamic range. 
I. INTRODUCTION
The pulsed time-of-flight (TOF) laser range finding techniques operate by sending a short laser pulse to the target and measuring the time interval between the submitted pulse and the reflected echo (see Fig. 1 ). Typically, pulses with a length of a few nanoseconds generated with a laser diode are used in industrial instrumentation. [1] [2] [3] [4] [5] [6] The pulse length is determined as a trade-off between the needed optical pulse power (typically 10 W or more) and the speed of the high current (>10 A) high-speed (ns-scale) electrical drivers needed to pulse the laser diode. 1, 4 The receiver of a pulsed time-of-flight laser radar usually consists of an avalanche photodiode (APD) detector, a low-noise preamplifier, limiting amplifiers, and a timing comparator transforming the weak "analogue" echo signal to a digital timing mark for the time interval measurement. If straightforward leading edge detection is utilized in the timing comparator, timing walk error is introduced, as the amplitude of the echo usually varies a lot as a function of the target distance R (typically proportionally to 1/R 2 ), reflectivity, and orientation of the object. One part of this error originates from the geometrical error, as shown in Fig. 2 , and the other part originates from the varying group delay of the receiver channel for different pulse leading edge speeds. 7, 8 The geometrical error arises from the finite slow rate of the optical laser pulse and can thus be lowered by increasing the edge speed of the pulse. As a zero-order approximation, the electric delay of the receiver channel is proportional to the bandwidth of the channel: the higher the bandwidth, the smaller the delay and thus also the timing walk. Typically, however, the bandwidth of the receiver channel is matched with the laser pulse to optimize the signal-to-noise ratio (SNR) in pulse detection. In practical realizations, with laser pulses ∼3 ns [full width at half maximum (FWHM)] in length, a receiver bandwidth of ∼200 MHz is used, and the corresponding timing walk is ∼2 ns in a dynamic range of 1:100 000. 6 Many different techniques have been suggested to minimize the timing walk, e.g., the measurement of the pulse width and/or rise time or the pulse amplitude and using this information for timing walk error compensation based on prior calibration. These techniques have resulted in cm-level accuracy in a wide range of pulse amplitude echoes, e.g., in a range of 1:10 000. 6, [9] [10] [11] [12] [13] [14] [15] [16] The purpose of this work is to experimentally show that in addition to these well-known timing walk error sources, the laser driving scheme also affects the timing walk. More specifically, it is shown that an avalanche driver, which is typically used for high-speed/high-power driving of semiconductor laser diodes, also introduces a relatively slowly rising current component to the high-speed switching current. This component slows down the edge speed of the optical output from the laser diode with the result of increased timing walk, especially for very large echoes for which the timing threshold is at the root of rising the optical pulse. On the other hand, a metal-oxide-semiconductor (MOS) based driver does not produce this slow component, and thus the total timing walk is lower.
II. EXPERIMENT

A. Laser transmitter configurations
Typically, laser diode drivers working at relatively high currents (>10 A) and high-speed pulses (<5 ns pulse width) utilize the LCR transient approach depicted in Fig. 3 . 17, 18 In this mode, a capacitor is first charged to a high voltage of approximately 150-300 V and then discharged through a semiconductor switch. Since the circuit inevitably also includes some inductance (e.g., laser diode and switch bonding wires, typically a few nH), the resulting resonance in the current waveform is damped with a series resistor R D , which is typically selected to match with (L/C) 1/2 for optimum damping. In this configuration, the pulse width and amplitude are
respectively. The nice feature of this circuit is that the pulse width can be set based on the circuit parameters (C 1 ) without the need to accurately control the length of the ON period of the current switch. On the other hand, the power efficiency of the circuit is not particularly good. For example, with a supply voltage of 150 V, an inductance L of 4 nH, and a capacitor C 1 of 40 pF, current pulses with a peak amplitude and pulse width of ∼7.5 A and ∼1 ns can be produced.
Owing to its high-speed switching properties, a typical selection for the semiconductor switch in the driver configuration of Fig. 3 is an avalanche transistor. The switching of an avalanche transistor is a rather complicated 2D phenomenon and has been quite extensively studied in the literature. [19] [20] [21] [22] [23] [24] From the practical point of view, an avalanche transistor is an NPN bipolar junction transistor (BJT), whose collector is biased above the collector-base pn-junction breakdown limit. When its base-emitter circuit is driven with a proper triggering signal, a high-speed breakdown occurs, resulting in a steplike change in the collector voltage from the bias voltage V HV to a residual voltage typically of a few tens of volts. 19 This voltage step introduces a similar step across the laser diode in the driver configuration of Fig. 3 , and thus a large pulse current, as discussed above, is generated through the laser diode.
Another option for the driver switch is a MOS transistor, which is typically used especially for longer current pulse widths (>5 ns). 25 It is shown elsewhere, however, that the pulsing scheme of Fig. 3 also allows, using a properly driven MOS based switch, current pulses of ∼1 ns at the peak current level of ∼10 A limited by the maximum allowed drain voltage of the switch. 18 To compare possible differences in pulsed TOF measurement performance when using an avalanche transistor or a metal-oxide-semiconductor field-effect transistor (MOSFET) based transmitter, two laser driver boards were made with as similar a current pulse shape as possible, one with an avalanche transistor and another with a MOSFET. The avalanche transistor based driver was realized using the scheme of . These parameters led to a similar current pulse amplitude of ∼10 A and a current pulse width of ∼1.35 ns (FWHM) with both drivers. The measured current waveforms and the corresponding optical laser outputs (measured with an optical probe with a bandwidth of 12 GHz and 1 GHz, respectively) are shown in Fig. 4 . The same type of commercial double-heterostructure (DH) AlGaAs laser diode with a nominal peak power of ∼8 W at 10 A peak current with 150 µm strip width and 905 nm center wavelength was used in both transmitters.
Comparing the drive currents in Fig. 4(a) , the notable feature in the current pulse generated with the avalanche transistor driver is the slowly rising front edge whose speed, however, increases markedly after the initial transient. The shape is very typical for avalanche based current switches, as is seen in previous studies as well, e.g., in Refs. 24 and 26. In the MOS based driver, the front edge of the current pulse does not have the slowly rising part. Note also that since the MOS switch does not show the residual voltage typical for an avalanche BJT switch, the supply voltage and consequently also the power consumption are lower. Even more importantly, since the power consumed by the MOS switch is lower, the pulsing rate of the MOS switch based driver can be higher (e.g., 100 kHz . . . 1 MHz versus <10 kHz). It is also to be noted that since the avalanche breakdown sets the requirement for the operating voltage, the high-speed switching, somewhat surprisingly, cannot be realized in this mode at lower current levels, e.g., <5 A with the avalanche transistor based driver, since the lowering of the current necessitates the use of a higher value for the damping resistor, and thus the current would follow the resistor-capacitor (RC)-transient mode.
The measured optical output pulse shapes are quite similar; the peak powers are about ∼10 W and the pulse lengths are about ∼1.1 ns (FWHM) for both transmitters [Figs. 4(b) and 4(c)]. The optical measurements with the higher bandwidth of 12 GHz show strong relaxation oscillations in the optical output of this particular laser diode. At the lower bandwidth of 1 GHz (roughly corresponding to the bandwidth of the APD), the oscillations are averaged out. Note, however, that due to the strong relaxation oscillations, the optical input of the receiver channel is a quasi-step, which reduces the timing walk, as explained above. The tendency of a laser diode to go into relaxation oscillations depends on its "equivalent spot size" or d a /Γ (d a thickness of active region, Γ confinement factor), as is discussed in detail in Ref. 27 .
B. Timing walk error
The timing walk was measured using a pulsed time-offlight laser range finder configuration shown in Fig. 5 . The receiver used was a customized receiver IC (integrated circuit) implemented in a 0.18 µm high voltage complementary metaloxide-semiconductor (HVCMOS) technology. 28 The bandwidth and transimpedance of the receiver are 700 MHz and 25 kΩ, respectively. The total input referred noise current is approximately 450 nA rms with a discrete APD (diameter 100 µm, C in,total 0.5 pF) at the input of the receiver channel. The receiver includes a transimpedance preamplifier, a post-amplifier, and a timing comparator discriminating the timing point from the leading edge of the received echo pulse. The start-stop time intervals were measured with a full-custom CMOS time-to-digital converter (TDC) with ∼10 ps single-shot precision. 29 The results were transferred to a personal computer (PC) through a field-programmable gate array (FPGA) based universal serial bus (USB) connection.
The pulsed TOF range finder was set to measure a noncooperative target located at a constant distance, and the amplitude of the received echo pulse (and thus the peak value of the ADP pulse current) was varied using absorptive neutral density (ND) filters. The timing point of the rising edge of the received echo was calculated at each signal level by averaging 10 000 successive single-shot results. The threshold for the timing discrimination was set to be SNR = 7, and the height of the received echo pulse was swept from SNR = 10 to SNR = 2 000 000, giving the dynamic range of 1:200 000. The measured timing walk, i.e., the variation of the detected timing point as a function of the amplitude of the received echo, was measured for both laser pulse transmitters presented above. The measured change of the timing point as a function of the input signal amplitude (presented as SNR), i.e., the timing walk error, is shown in Fig. 6 .
Within the dynamic range of 1:10 000, the total timing walk for both drivers is more or less equal (∼600 ps). This error is, as explained above, coming mostly from the changing electric delay of the receiver channel for pulses with a different amplitude. The receiver consists of 3 stages with a bandwidth of 1.2 GHz each, and thus the total delay for the smallest signals (linear operation regime) is ∼650 ps (∼3xRC stage ). For high-amplitude signals, the delay is very small and thus the total walk is defined by the maximum delay. Note, however, that for larger signals (above SNR ∼ 10 5 ), the timing walk achieved with the avalanche transistor based driver increases much faster than with the MOS based driver, at about ∼400 ps per decade. We associate this behavior with the slow initial rise of the driving current in the avalanche BJT based driver, which results in slower build-up of the lasing process in the laser diode, and thus in slower initial rise of the optical signal. 21 As a result, when the signal amplitude is so large that the reference level of the comparator probes this part of the optical pulse, the timing walk increases.
III. CONCLUSIONS
We have compared the drive currents and optical output pulse shapes of avalanche BJT switch and MOSFET switch based laser diode drivers working in the LCR transient mode. The transmitters were used to drive a commercial DH pulsed laser diode, which gave an optical peak output power of ∼10 W and a pulse length of ∼1.1 ns with a peak driving current of ∼10 A. It is shown that although the basic shape of the driving current is quite similar in both the avalanche BJT and MOS based drivers, the former has a slowly rising part in its output current which, however, is not seen with the MOS switch based driver.
Moreover, accurate timing walk measurements realized in a pulsed TOF laser radar configuration within a wide dynamic range show that for high signal amplitudes exceeding the dynamic range of ∼1:10 000, the timing walk of the system utilizing the avalanche BJT switch based driver increases markedly (∼400 ps per decade) compared to the system using a MOS switch based laser diode driver. We also showed that the developed pulsed time-of-light laser radar system can achieve a total timing walk error of ∼700 ps within a dynamic range of 1:100 000 of signal amplitudes. This is markedly lower than what was achieved in earlier studies, e.g., 2.2 ns in Ref. 6 . The improvement was partly achieved by increasing the edge speed of the laser diode output and the bandwidth of the receiver channel (however, at the expense of increased noise) and partly because of the higher switching speed of the MOS based driver with the used current and pulse length parameters.
